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Protrusions covering the surface of intracellular mature virions (IMV), termed by us surface tubular elements (STE), are
released in a quasi-intact form during stripping of the envelope. The concentrated, reproducibly isolable STE were shown
to contain the 58-kDa 4c polypeptide and prominent protein antigens residing at the surface of IMV. The major core protein
4b, identified as a minor contaminant of STE, presumably became detached along with STE during the shearing off process.
Antibodies against protein 4b became specifically bound to the surface of isolated cores, where a palisade layer of rodlets
occurs. The same antibodies absorbed onto isolated STE where similar rodlets were evident. Based on the new observations
we constructed a model of the organization of the IMV envelope and its relationship to the core. q 1995 Academic Press, Inc.
INTRODUCTION undertook a systematic investigation of the parameters,
especially the role of the nonionic detergent NP-40, in-
The surface of naked mature vaccinia virions (IMV) is
volved in releasing STE as quasi-intact structures. Com-
encrusted by numerous characteristic protrusions,
bined PAGE, immunological, and electronmicroscopic
termed by Stern and Dales (1976a), surface tubular ele-
analyses, documented in this report, provided new infor-
ments (STE). These structures are clearly defined on neg-
mation about the content and organization of STE in rela-
atively stained virions and can also be recognized follow-
tion to the envelope and internal virion core.
ing freeze-fracture and metal shadowing (Medzon and
Bauer, 1970). Protrusions like STE are varied morphologi-
MATERIALS AND METHODScally among different poxvirus types. Those on an insect
agent have the form of ‘‘mulberry-like’’ bumps (Bergoin
Cells and virusesand Dales, 1971). In the case of a parapox virus, the orf
agent, a single continuous helical structure equivalent to L2 mouse fibroblasts and IHD vaccinia virus were
STE covers the envelope (Dales and Pogo, 1981). propagated on monolayer cultures in nutrient media, as
The STE are evidently assembled on IMV after the described in Mohandas and Dales (1995). The multiplicity
transient spicule scaffold, attached onto the bilayer of of infection (m.o.i.) generally employed was 5 PFU/cell.
the envelope, has been deleted (reviewed in Mohandas
and Dales, 1995). The spatial relationship of STE to this Virus purification
bilayer remained, however, unclear. Our demonstration
that STE are isolable when the envelope is stripped Virus was isolated and purified according to Stern and
(Stern and Dales, 1976a) was evidence that they are Dales (1974), with minor modification. The pellet obtained
somehow integrated as part of the envelope. From the after centrifugation through a cushion of 50% sucrose
above study it was concluded that STE might be formed buffered with 10 mM Tris at pH 8.0 (TB) was resuspended
from a single component, the 58-kDa 4c protein. It has in TB and resedimented at 15,000 g for 60 min through
become evident that 4c alone is insufficient in amount a 20–60% sucrose–TB gradient. The band of material
to account for the mass of STE. In the present study we formed was removed, sedimented into a pellet, and then
applied sensitive immunological methods, not available resuspended and centrifuged through gradient of 20–
in 1976, to ascertain the composition of STE. For this 40% potassium tartrate in TB to produce a virus band,
purpose it was necessary to obtain purified STE in high as reported before (Stern and Dales, 1974).
yield in a reproducible manner. To achieve this goal we
Isolation of surface tubular elements (STE)
1 Supported by Medical Research Council of Canada.
The procedure for isolating and concentrating the STE2 To whom correspondence should be addressed. Fax: (519) 661-
3499. is described in Fig. 1.
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Starting material is a suspension of highly purified IHD virus in 10 mM Tris, pH 8.0 (TB). Protein
concentration is kept at 3±5 mg/ml. Initial volume of 15±35 ml contains 75±100 mg protein.
.
To release STE from virions add 1/10 volume 1.0% NP40 and 5.0% b-mercaptoethanol for final
concentrations of 0.1 and 0.5%, respectively. Incubate at 377 for 30 min. Load the mixture onto a
0.45-ml cushion of 40% sucrose, in TB, then overlay with 15±35 ml TB. Centrifuge at 105,000 g in
a Beckman SW60 rotor for 20 min.
. .
For the interphase fraction Pellet of cores
collect the TB overlay, including 100 ml of the
sucrose cushion and dilute to final volume of
4.0 ml with TB. Centrifuge at 105,000 g in a
SW60 rotor for 18 hr. Resuspend the ``invisible''
pellet in 10±20 ml TB. This fraction is highly
enriched in STE.
FIG. 1. Flow chart: isolation of surface tubule elements.
Origin and preparation of antibodies and their to negative staining with 0.5 or 1.0% PTA. To demonstrate
specificity of the selected anti-4b antibodies, the humanapplication
antibodies were subjected to competition with rabbit
Affinity purified and other monospecific sera. Affinity
monospecific antibodies. The competition assays were
purification of human and rabbit sera was carried out
carried out on grids, as above.
according to the procedure of Ball and Kovala (1988),
with modifications described by Gordon et al. (1991). Se-
RESULTS
rum was reacted with nitrocellulose pieces containing
the 4b core polypeptide. The 4b was separated from Dissection of purified Vaccinia IMV’s into cores and
STE was achieved reproducibly employing NP-40 plusother core proteins on 15% acrylamide gels by the 1D-
SDS–PAGE. The 4b polypeptide band was excised, incu- 2ME according to the steps described in the flow chart
(Fig. 1). It is essential to maintain the ratios of virus pro-bated in SDS denaturing buffer at 407 for 60 min, and
electrophoresed in preparative 10% acrylamide gels prior tein to detergent and sulfhydryl reagent for releasing STE
in a quasi-intact state. In the present study final concen-to transfer onto nitrocellulose matrix. The 4b band on
nitrocellulose was cut into pieces for use as the affinity tration of NP-40 was reduced about 10-fold and 2ME was
decreased to one-half of that reported in Stern and Dalescolumn. Monospecific rabbit anti-4b serum (Wittek et al.,
1984), kindly provided by Dr. R. Wittek, was prepared (1976a) to obtain images like those in Figs. 2B–D. The
other detergent tried, DOC plus 2ME, was also effectiveagainst the antigen separated by SDS–PAGE. Rabbit
polyvalent anti-serum against NP-40 extracted virions in stripping away the envelope. However, with DOC the
integrity of STE was destroyed and the convoluted enve-prepared by Gordon et al. (1988) was also used. Rabbit
antisera against envelope antigens H3L (Zinoviev et al., lope was released in large fragments, illustrated in Fig.
3A. Following dissociation with either detergent it be-1994) and H6R, prepared using recombinant technology,
were gifts from Dr. E. Malygin (Institute of Molecular came evident that the entire surface of free cores was
covered by short projections (rodlets) of uniform size,Biology, Novosibirsk, Russia).
Immunoelectron microscopy. Cores were released termed by us palisade layer. This was particularly clear
on cores released with DOC, shown in Figs. 3A–C.from virions by either 0.1% NP-40 plus 0.5% b-mercapto-
ethanol (2ME) or 0.1% deoxycholate (DOC) plus 2ME. The STE obtained using NP-40 / 2ME had on their
surface short randomly attached rodlets similar in size toFormvar-coated carbon-stabilized copper grids were in-
verted over 5 ml droplets of cores for 5 min. Throughout projections of the palisade shown in Figs. 3A–C. Similar
particles were observed on envelopes released withthe following procedures inverted grids were placed on
droplets of reagents. The attached antigen was blocked DOC / 2ME. These observations suggest that when the
envelopes are stripped off some rodlets of the palisadeby 0.5% BSA in PBS(BP). BP was also used throughout
for diluting the antibodies. After 30 min of blocking, the layer are sheared off and remain attached to structures
of the envelope.antigen was reacted for 30 min with the primary antibod-
ies at the appropriate dilution. Following extensive wash- A comparison of the diameter of STE on intact virions
vs after release with NP-40 / 2ME clearly reveals thating, the complex was reacted with gold-conjugated anti-
bodies for 30 min. Extensive washing was repeated prior they swelled and were permeated by the ‘‘negative stain’’
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FIG. 2. Examples of negatively stained intact or stripped virions and STE released by NP40 / 2ME. Each virion in A is covered by STE which,
upon release in B–D, undergo swelling. Regularly repeated units at the edge of STE, evident in D suggest presence of a helical conformation.
Arrows in C point toward fine projections (whiskers) extending beyond the walls of STE. Bars, 0.2 mm.
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FIG. 3. Examples of negatively stained envelopes and cores evident following stripping with DOC / 2ME. In A, note the convoluted sheets of
envelope which have separated from the core. Arrow point toward regularly spaced projections of the palisade layer around the core. B, C, two
examples of isolated cores emphasizing, in B (arrows), the palisade layer of projections at the edge and, in C, over the entire surface. Bars, 0.2 mm.
phosphotungstate (PTA), shown in Figs. 2A vs B–D. on the EM grid was washed with water prior to staining
with PTA the stain penetrated into the center, accentuat-When STE are permeated by PTA a helical symmetry of
the tubes was apparent, defined by periodicity of material ing the hollow appearance as evident in Fig. 4A. When
the washing step was omitted, PTA was excluded fromalong the edges, as evident in Fig. 2D.
Following their purification the STE, although enlarged the STE interior, as illustrated in Fig. 4B. Judging from
their mass and abundance in providing a covering overin diameter due to swelling, retained their tubular form,
as evident in Fig. 4. However, if the specimen deposited the entire IMV surface it is reasonable to presume that
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FIG. 4. Examples of STE suspension following isolation according to the final step described in the legend of Fig. 1. In A, after being deposited
on the coated grid, the STE were washed briefly with water and then negatively stained. Note that, except in a few instances, indicated by the
arrow, the stain has accumulated inside STE. Inset shows a single STE at higher resolution to illustrate an unpermeated segment of the wall
(arrows). In B, appearance of a similar preparation to that in A but negatively stained without prior washing on the grid. The stain has failed to
permeate the majority of STE as indicated by arrow. Bars, A, 0.4 mm; inset and B, 0.2 mm.
STE contain a greater fraction of the total vaccinia poly- ration on PAGE by staining with Coomassie blue and
radiofluorography of [35S]methionine-labeled virus poly-peptide content than is due to a single, late 58-kDa STE
protein 4c, assumed by us previously to be the predomi- peptides. In direct comparisons of stained and isotopi-
cally labeled protein bands, shown in Figs. 7A and 7B,nant STE constituent (Stern and Dales, 1976a). Western
blot analysis showed that polyclonal rabbit antiserum it is evident that 4c was associated with purified IMV and
STE but was diminished in amount with cores isolatedagainst the envelope identified several external antigens
at MW position of 35, 21 –33, 19, 14, and 11 kDa (Fig. 5). following stripping of envelopes. The weaker staining
of core polypeptides 4a, b in Fig. 7A, lane 3, was theApplication of monoclonal antibodies (MAb) 7C11 (Gor-
don et al., 1991) against H6R protein and monospecific consequence of loading only about 1/6 of the viral protein
introduced into lane 1 and 1/25 of that in lane 2. Theserabbit antisera against H3L (Zinoviev et al., 1994) and
H6R proteins demonstrated that both antigens were results demonstrated that concentrated STE contain a
58-kDa protein which is incompletely removed frompresent at the position of the 35-kDa band (Fig. 6). We
did not investigate the possible presence of another STE cores following dissociation with NP-40 / 2ME. This
finding is consistent with the evidence from electron mi-protein 32–35 kDa in MW, product of gene D8R shown
to exist at the surface of IMV by Niles and Seto (1988). croscopy that some STE remained attached to cores after
stripping.The antigen(s) of MW 21–23 kDa could be the polypep-
tide(s) encoded by A17L, a transmembrane protein which When the 4c polypeptide band, transferred to immobi-
lon membrane, was subjected to amino acid sequenceis presumed to anchor the 14-kDa component encoded
by A27L (Rodriguez et al., 1993; Lai et al., 1991). analysis the presence of contaminating 4b core protein
was revealed, as illustrated at the bottom of Fig. 7. Unfor-The evident lack of antigenicity of the 58-kDa 4c pro-
tein of STE was concluded by absence of antibodies tunately, to date we have not succeeded in deciphering
the sequence of 4c. Very similar observations to our ownagainst this component in antisera against whole virions
or stripped envelopes. Other information about 4c with on the comigration of core polypeptide 4b and 4c, 58-
kDa band, as well as the recalcitrance of the 4c proteinrespect to amino acid sequence and gene assignment
on the vaccinia map was sought from the isolated 58- to sequence analysis, were made by Dr. S. Whitehead,
Oregon State U. (personal communication). From mor-kDa protein itself. First of all 4c was identified after sepa-
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FIG. 5. Polypeptides identified by Western blotting present STE iso-
lated according to the procedure described in the legend of Fig. 1 and
illustrated in Fig. 4. In addition to polypeptides below MW 40 kDa,
STE contained a 58-kDa protein which was antigenically inert to any
antivaccinia antisera employed by us.
phological evidence that rodlets similar to those of the
palisade layer (Figs. 3B and 3C) were attached to STE
(Fig. 2C) as well as to envelopes released with DOC /
2ME, we wished to localize the 4b core protein. For this
purpose we applied a variety of anti-4b antibodies, either
selected by using affinity chromatography or induced in FIG. 7. Comparison of polypeptides in virions (lane 1), STE (lane
rabbits with isolated 4b protein by Wittek et al. (1984). 2), and cores (lane 3), following SDS–PAGE and detected by either
Coomassie blue stain (A) or by fluororadiography of 35[S]methionine-The combined results, shown in the selected examples
labeled proteins (B). Proteins were separated in a 7% gel. The STEin Fig. 8, can be summarized as follows: (a) The human or
contain a 58-kDa polypeptide, indicated as ‘‘c’’ by arrow. The majorrabbit affinity purified antibodies and rabbit monospecific
core proteins 4a and 4b are also identified by arrows. Information
serum became specifically bound to the surface of iso- regarding sequencing data relevant to detection of core protein 4b in
lated cores (Figs. 8B–D and 8F). These antibodies also association with 58-kDa band in STE is shown below the gel profiles.
recognized core polypeptide 4b in a Western blot analy-
sis (data not shown). (b) When virions with intact enve-
marked by the three preparations of antibodies (Figs.lopes were reacted, no labelling of the virus internal
8B–E), in some instances at sites where rodlets werestructures was observed (Fig. 8A). (c) The STE were also
evident, as in Fig. 8E. (d) Immunogold labeling was also
prominent on envelope segments released with DOC /
2ME (Fig. 8F). (e) Selected preimune rabbit sera and
irrelevant antisera used as controls did not recognize
the viral structures. (f) Specificity of the affinity selected
human antibodies was confirmed in experiments using
the monospecific rabbit antiserum. It is evident from the
data in Table 1 that prior exposure of cores and STE to
the rabbit antiserum interfered with immunogold labeling
by the human 4b antibodies. This is the first report identi-
FIG. 6. Immunoblotting with antibodies against two 35-kDa pro- fying protein 4b at the surface of cores. Association of
teins using as antigen material solubilized with 1% NP40 from purified 4b with components of the envelope following their re-
vaccinia virions. Lane 1, MAb 7C11 against H6R early protein diluted lease by detergents and 2ME indicates that an intimate
1:4000; lane 2, rabbit monospecific antiserum of Zinoviev et al. (1994)
connection exists in the intact vaccinia virion betweenagainst late protein H3L, diluted 1:4000; lane 3, rabbit antiserum against
the envelope and surface of the core via the projectionsH6R diluted 1:1000. Note the weaker reactivity of antibodies in lane 3.
Identical labeling was obtained with dissociated purified virions. forming the palisade.
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FIG. 8. Immunoelectron microscopic localization of core antigen 4b in virions after dissociation with NP40 / 2ME or DOC / 2ME. In A, purified
virions with envelopes in their intact or unfolded state following reaction with monospecific 4b antibodies and goat hu gold conjugate. Note
absence of gold grains on virions. B and G, labeling as in A with monospecific hu antibodies; C–E with ra 4b goat ra gold conjugate; F, with
antibodies of Wittek et al. (1984) against 4b plus goat ra gold conjugate. Note specific labeling with gold particles of cores in B–D, F, G, the
surface of STE in B–E, and envelope dissociated from a core in F. Arrows point toward the palisade layer. The lateral body in C is marked lb. Bars,
0.2 mm.
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TABLE 1 mission electron microscopy, in which the envelopes were
preserved in their unfolded or collapsed state. A small pro-Binding Competition between Different Antibodies against 4b Core
portion of virions with collapsed envelopes is invariablyProtein Evident by Immunogold Labeling of Purified Vaccinia Virionsa
found among normal particles in suspensions of highly
Uncompeted human Preexposed to Percent purified vaccinia. The native virion configuration, when the
antibodiesb rabbit antiserumc inhibited characteristic STE are present, is very sensitive to changes
in environmental conditions. Among them are elevated tem-Experiment 1 18.3 { 4.3d 7.2 { 0.1 60.0
peratures of 55–607 and exposure to mild detergents whichExperiment 2 37.0 { 9.0 9.3 { 1.4 74.6
cause envelope unfolding and deformation of STE, presum-
a In each sample, gold grains were enumerated on more than 500 ably as a consequence of effects on the integrity of lipid-
virions. containing bilayer of the envelope. This evidence providesb Human antibodies recovered after purification were used undiluted.
a rationale for maintaining a high ratio of viral material to thec The monospecific rabbit antiserum of Wittek et al. (1984) was di-
amount of NP-40 added when the objective is the releaseluted 1:50.
of STE during envelope stripping. The type of detergentd Mean and standard deviation after subtracting background counts
of gold grains. employed is also a critical factor, as shown by substituting
NP-40 with DOC, which results in loss of STE integrity.
It was anticipated that STE contain a substantial frac-DISCUSSION
tion of the virion’s proteins judging by their relative size
Routine isolation of STE in their quasi-intact form con- and number encrusting the envelope. This was borne
firms their occurrence as a bona fide component of the out by PAGE and immunoblot analyses on isolated STE,
vaccinia virus envelope. Existence of STE has been ques- which revealed that the principal polypeptides known to
tioned by Dubochet et al. (1994), who published selected be present at the virion surface were coisolable with
STE. Among them are the early H6R, 35-kDa polypeptideimages derived from cryofixation of IMV examined by trans-
FIG. 9. Diagrammatic representation of the assembly, maturation, and dissection of vaccinia virus, based on the information here and in Mohandas
and Dales (1995). (A) The spherical immature form covered by an external scaffold of spicules. A portion of the envelope has been ‘‘cut away’’ to
reveal the internal viroplasmic matrix. (B) Transitional form between an immature virion and IMV. Part of the envelope is covered by spicules, which
are being deleted in the region where STE(s) are being formed. The ‘‘cut-away’’ envelope exposes the inner core (c) and lateral bodies (1). (C)
Controlled dissociation of STE(s) with NP40 and 2ME. The STE are released in a quasi-intact state along with some projections of the palisade (p).
(D) Part of a vaccinia virion treated with NP40 . The unfolding or collapse of the envelope reveals the inner core (c) surrounded by a palisade layer
(p) and a lateral body (1). The open arrows in A–D point toward the envelope bilayer.
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involved in envelope assembly from its inception (Gordon structure of the virion core. This result provides evidence
against the presumed presence of a lipoprotein bilayeret al., 1991), the late H3L component present in IMV after
around the core claimed in Sodeik et al. (1994).maturation (Zinoviev et al., 1994), and other proteins
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